In Parkinson's disease, global social maladjustment and anxiety are frequent after subthalamic nucleus (STN) stimulation and are generally considered to be linked with socio-familial alterations induced by the motor effects of stimulation. We hypothesized that the STN is per se involved in these changes and aimed to explore the role of STN in social and anxogenic-like behaviours using an animal model.
INTRODUCTION
Slight to severe global social maladjustment is frequent in patients suffering from Parkinson Disease (PD) after subthalamic nucleus (STN) deep brain stimulation. In these patients, the motor improvement after surgery is followed in some cases by the deterioration of conjugal relationships which are triggered or aggravated postoperatively by the emergence of severe anxiety [1] [2] . It has been hypothesised that these interpersonal conflicts were in line with an emergent property of systemic interactions between the patients, who suddenly regained their autonomy, and their devoted spouses, who lost their function after years of disease related compassion and care. It has also been hypothesised that such psychological side effects were due to sudden reduction in dopamine replacement therapy inducing a dopaminergic deficit in associativo-limbic areas of the brain [3] .
Nevertheless, if the STN is a part of the basal ganglia which is well known to be involved in extrapyramidal control of movement [4] [5] [6] , it is also linked with structures involved in the control of nonmotor behaviours via different neural associative and limbic circuits [7] . These functional networks may be of interest in behavioural regulation and the STN deep brain stimulation (DBS) could be per se involved in 1/ social maladjustment and 2/ emergence of anxiety. Moreover, psychological side effects described with DBS should differ regarding electrode target placement within different STN subterritories. Despite the number of STN subdivisions and their anatomical localisation is still uncertain [8] , it has been suggested that the ventral part of the STN is closely involved in the emotional network [9] .
While the neuronal bases of the effects of DBS remain unclear [10] , it was hypothesised that 1/ changes in the underlying dynamics of the stimulated brain networks may represent the core mechanism of DBS and 2/ those basic dynamical changes can be achieved via activation, inhibition, or lesion [11] .
Concerning STN lesions in humans, subthalamotomy could be a stereotactic surgery performed in patients suffering from PD in circumstances when deep brain stimulation is not viable [12] . Only one small prospective study including 10 patients found no change concerning anxiety following subthalamotomy [13] and, to our knowledge, no previous study has investigated its impact upon human social behaviour.
Thus, animal models could provide an opportunity for experimental manipulations that are not possible in human and can allow for exploring our hypotheses. To our knowledge, there was no previous investigation of consequences upon social behaviour of STN inactivation carried out in animals.
Thus, this study aimed to explore the role of STN on rat's social and anxogenic-like behaviours by synchronizing two complementary methods: 1) an ethological approach based upon direct observation of a wide range of social behaviours [14] , and 2) a standardised approach using the elevated plus-maze (EPM), a "gold standard" test to explore anxiety like behaviours [15] .
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MATERIAL AND METHODS
Animals
Adults, male Wistar rats (CERJ), weighing 200-300 g at the beginning of the experiments, were kept 4 per cage in an approved animal house at 22 ± 2 °C, in 12-h light/dark cycle (light on at 0800 h). Tap water and food pellets were available ad libitum. The animals were familiarized with the animal house at least ten days before surgery. The researchers are approved by the Veterinary department of the French Ministry of Health (authorization number 35-01). All animal experiments were carried out in accordance to the European Communities Council Directive (86/609/EEC). The care provided to them before, during and after the protocol was in compliance with ethical standards and good laboratory practices.
Surgical procedures
The animals were anesthetized with 350 mg/kg chloral hydrate injected intraperitoneally and secured into a Kopf stereotaxic apparatus (Phymep, Paris, France). Lesioned rats received bilateral injections of ibotenic acid (9.4 µg/µL (53 mM), in 0.1 M phosphate-buffered saline, 6.5 < pH < 7). Sham-operated rats received vehicle alone (0.1 M phosphate-buffered saline). Initially, the volume injected was 0,5 µL per side and was slowly infused over 3 min using a 10-µl Hamilton syringe. The needle was left in place for three min after completion of the injection. Nevertheless, as a small proportion of rats showed substantial brain lesions after histological verification, it was decided to inject 1 µL per side.
The coordinates targeting the STN were determined according to Paxinos Watson's atlas [16] and were measured from bregma: anterior/posterior, -3.7 mm; lateral, ± 2.4 mm; dorsal/ventral -8.8 mm (from skull). Postoperatively, rats were housed individually in clear square plastic cages.
Behavioural testing
The same observer performed all the following behavioral testing.
Open-field
At day 12 after surgery, rats were individually placed in Plexiglas chambers (45 x 45 x 30 cm) at a light intensity of 30 lx. Their spontaneous motor activity was measured min per min for a total duration of 10 hal-00845768, version 1 -17 Jul 2013 exposed to an unfamiliar social partner for 10 min. Lines on the tail were drawn on sham and lesioned rats in order to recognize them from their congeners.
Partners used in social interaction tests were free of any surgical intervention. The test area was cleaned with a 5% alcohol solution after each trial. The two rats were recorded with a digital video camera and sequential elements of behavior were analyzed manually by a trained and blinded observer. The following behavioral elements were quantified (mean number of occurrences during the three sessions) in the experimental rats (sham or lesioned): non social behaviors, social behaviors and aggressive behaviors. Behaviors were also categorized as dominant or submissive. A detailed description of these behaviors is given in table 1.
Elevated plus-maze (EPM)
This test was performed at day 16 after surgery. The EPM was made of wood and painted black. to minimize the possibility false-negative results [21] , three ethological parameters were recorded on videotape and analyzed by a person not involved in the experimental procedure. The time devoted to the following behavioral activities was then recorded: 1) risk assessment (RA), the rat exiting an enclosed arm with the forepaws and head only and investigating the surroundings, not necessarily accompanied by body stretching; 2) protected head dips (PHD), the rat stretching to dip its head into the open space and observe the environment, the rear part of the body remaining in a closed arm; and 3) non-protected head dips (NPHD), the rat dipping its head into the open space and observing the environment, the body in an open arm.
The EPM was cleaned between the experiments with a 5% alcohol solution.
Histological verification of lesion
At the end of the experiments, the animals were anesthetized with 350 mg/kg chloral hydrate injected intraperitoneally and decapitated.
The brains were removed and placed in 3.7 % formaldehyde for 48 hours, processed and embedded in paraffin. Coronal sections were cut at a thickness of 5 µm every 50 µm in the NST area and stained with haematoxylin-eosin-saffron (HES). After staining, slides were observed under an optical microscope (Nikon 80i). An experimenter unaware of the animal's behavioural performance performed an histological verification of the microinjection site. Lesions were described with reference to Paxinos and Watson's stereotaxic rat brain atlas [16] . Measures were performed using the software ImageJ ® (Mac Biophotonics). Only rats with bilateral lesions of the STN were kept in the analysis and the absence of lesions was verified in sham rats.
Statistical analysis
Statistical analysis was performed with SAS statistical software, version 9. 
RESULTS
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Animals Among 48 operated rats, 19 had bilateral lesions of the STN and were kept in the analysis. Indeed, for the other 29 rats no lesion was observed for the STNs and lesions interested other parts of the brain. 26 sham rats were also included in the analysis. Two lesioned rats and 3 sham-operated rats did not participate to social interaction test due to technical problems (cd-roms were physically damaged). 
Histology
Behavioural testing
Open-field
No difference was observed between lesioned and sham-operated rats concerning their spontaneous activity in the open field in lower position 4490 ± 459 counts versus 4736 ± 239 counts respectively (p=0.25) or in upper position 870 ± 135 versus 1006 ± 90 counts respectively (p=0.19).
Social interaction test
While their non social behaviour was not significantly impaired (108.1 ± 7.7 vs 97.4 ± 4.8, p=0.38), lesioned rats showed impairments in their social (71.2 ± 7.9 vs 103.0 ± 11.2, p=0.05) and aggressive behaviours (74.7 ± 6.0 vs 90.9 ± 6.2, trend toward statistical significance: p=0.06) when compared to sham-operated rats. Table 2 presents the detail of impaired behaviours.
When adjusting on the confounding effect of motility, these differences concerning social (p=0.03) and aggressive behaviours (with a trend to statistical significance, p=0.08) were preserved. Moreover, the multivariate analysis concerning non social behaviour suggested that lesioned rats presented more nonsocial behaviours (p=0.04). Results of these models are presented in figure 2. Any outliers were identified and removed: while the results were unchanged for social and aggressive behaviours the difference between groups concerning non-social behaviours became non-significant making this result less robust than the two others. Although not significant, the number of entry in the open arms also tended to decrease (p=0.052).
Concerning the three ethological parameters, only the time spent in non-protected head dips was significantly diminished in the lesioned rats (p=0.01).
DISCUSSION
Summary of evidence
This study corroborated our hypotheses by showing that the STN is implicated in social behaviour regulation and in anxogenic-like behaviors. Lesioned rats presented impairments in social and aggressive behaviours whereas their non social behaviours were not affected. These findings did not result from changes in motor activity since the decrease in social interests persisted after adjustment on rats' motility. Lesioned rats were less aggressive in the whole with no difference between dominant and submissive behaviors.
Lesioned rats also showed more anxogenic-like behaviours in the EPM, as illustrated by an increase of the time spent in the enclosed arms [15] . This result is in line with previous findings in human after deep brain stimulation where an increase in anxiety was observed postoperatively [1, [22] [23] [24] . However it contrasts with the therapeutic effect of STN stimulation in obsessive compulsive disorder [25] which is a well known anxious disorder and with the only and weak evidence upon 10 patients who underwent subthalamotomy who did not experience change concerning anxiety [13] . Concerning animals' models, our result contrasts with Klein et al.'s and Creed et al.'s previous findings in which a lesion of the STN or a STN DBS did not affect anxogenic-like behaviours [26] [27] . An handling for about 2 min daily for 7 days prior to the beginning of the behavioural experiment in Klein's study as well as an extensive daily handling (> 12 weeks) in Creed's study could account for the observed differences. Indeed, one of our previous experiment suggested that handling has precisely an anxiolytic-like effect [28] . Moreover, in Klein's study, behavioural experiments started 6 weeks after surgery whereas in our study the EPM was used much earlier (16 days after surgery). All together, these results suggest a possible time-effect of STN inactivation upon anxious behaviours with possible adaptative mechanisms of plasticity controlling anxiety and raise new perspectives concerning a longitudinal analysis of lesioned rats' behaviours.
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Further experiments should consider testing after more extensive handling and/or testing at different time points.
Perspective
Pharmacologists usually consider social interaction test as a test of anxiety [17] , based on a natural form of behaviour by pairs of male rats in different kind of social interactions. An increase in social interactions is considered to reflect an anxiolytic-like effect and a decrease indicates an anxiogenic-like effect. It has been shown to be sensitive to changes in anxiety generated by nonpharmacological factors [17] . Nevertheless, results observed in social interaction tests have to be put into perspective.
Indeed, these tests explore experimental rat's behaviour in the presence of a congener but also the congener's behaviour in the presence of the experimental rat, and the occurrence of a particular non social act may itself be a social phenomenon [14] . Indeed, social behaviour of the rats is not only the reflect of their performances in other models of anxiety [29] [30] and social interaction tests do not solely explore emotional processes but a more global level of functioning including motors, cognitive and motivational processes.
From a functional point of view the STN, with its three different sub territory (limbic, associative and motor areas), has precisely an integrative function at the interface between motivation, cognition and action. It is a small lens-shaped structure which modulates the neurotransmission in limbic regions of the brain [31] involved in anxiety regulation. Experimentally, non-motor role of the STN has been confirmed in rats, particularly for impulsive behaviours [32] [33] , motivational functions [34] and attentional performances [35] . STN also modulates differently the effects of natural rewards, like food, or drug abuse, like cocaine, on behaviour [36] . STN HFS also transiently impairs attention in a visual attention task [37] . It was shown that inactivation of the rat STN evoked depressive like-behaviour in the forced swim test (Temel, et al 2007) and also in the learn helplessness test [26] [27] . In human also, STN DBS adverse effects on cognition, behaviour, mood and emotions are well known [38] [39] [40] [41] .
All together, these modifications can alter social behaviour. Our study does not allow for discriminating the effect of each of these dimensions upon social behaviour but clearly describes in an ethological perspective, qualitative impairments of social behaviour as a potential result of these multiple alterations. Moreover, in humans, in PD, STN stimulation could affect Theory of Mind Network [42] and could be implicated in action observation and action understanding [43] . These modifications of social cognition might explain some of the behavioural disturbances related to STN stimulation in patients. Of course such stimulating hypotheses can not be studied in rodents [44] but it is noticeable that, in our model, only social behaviours where impaired whereas non social behaviours were preserved.
Limitations
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The extrapolation from a rat model to the clinical condition should be made with great caution. Firstly, our rat model with bilateral subthalamic lesions induced with ibotenic acid injections is not really representative of the clinical situation given the integrity of dopaminergic projections. Secondly, hudge behavioural differences in anxiety, exploration and social behaviour exist between species and even between different strains of a same species as it was shown for rats [29, 45] . Thus the robustness of the present findings should be tested in others animal models among which specific studies of social behaviour in monkeys should be of particular interest. It would allow for exploration of the different sub territory (limbic, associative and motor areas) of the STN [46] . Indeed the rat's STN is a very small structure in which specific investigation of its sub-territories is actually impossible.
Conclusion
The results of the present study strongly implicate the STN in social behaviour and anxogenic-like behaviour in rats. In human, since DBS induces changes in the underlying dynamics of the stimulated brain networks it could create an abnormal brain state in witch anxiety and social behaviour are affected. It does not mean that social maladjustment is not linked with adaptation difficulties and dramatic socio-familial modification induced by the motor effects of DBS, but it highlights another possible level of complexity of these behavioural changes after stimulation.
Other animal and human studies are needed to confirm robustness of these findings and to add a longitudinal perspective. If the implication of STN upon social behaviour is confirmed, a new challenge should be to develop interventions with less impact on these behavioural aspects or interventions which could help stimulated patients to cope with the dramatic changes in their social functioning. Rearing -Standing on its hind legs and appearing to be looking at something.
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Resting -Passive behavior in which the rat does not move and has a relaxed body posture.
Self-grooming -Licking or biting its own fur.
-Rubbing the forepaws over the head.
Social behaviours
Contact behavior -Grooming (chewing and licking the partner's fur). Social exploration -Anogenital investigation (sniffing or licking the anogenital area of the social partner).
-Non-anogenital investigation (sniffing at any part of the partner's body, except the anogenital area).
Tail manipulation -Grabbing and pulling the partner's tail. 
Aggressive behaviours
Pinning
Non-protected head dips
Number of episodes 
